Cytokines such as Fas-ligand (Fas-L) and Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL) can induce human colon cancer cell apoptosis through engagement of their death domain receptors. All the cancer cells are not sensitive to these cytokines. We have shown recently that low doses of cytotoxic drugs could restore TRAIL-induced cell death in resistant colon cancer cell lines. The present work further explores the death pathway triggered by the cytotoxic drug/TRAIL combination in HT-29 colon cancer cells (www.alexiscorp.com). Clinically relevant concentrations of cisplatin, doxorubicin and 5-fluorouracil synergize with TRAIL to trigger HT-29 cell death. Activation of this pathway leads to apoptosis that involves both caspases and the mitochondria. An increased recruitment of Fas-associated death domain (FADD) and procaspase-8 to the TRAIL-induced death-inducing signaling complex (DISC) was shown in cells exposed to anticancer drugs. Following caspase-8 activation at the DISC level, the mitochondria-dependent death pathway is activated, as demonstrated by the cleavage of Bid, the dissipation of DW m , the release of mitochondrial proteins in the cytosol and the inhibitory effect of Bcl-2 expression. Importantly, besides mitochondrial potentiation, we show here that cytotoxic drugs sensitize HT-29 colon cancer cells to TRAIL-induced cell death by enhancing FADD and procaspase-8 recruitment to the DISC, a novel mechanism whose efficacy could depend partly on Bcl-2 expression level.
Introduction
Chemotherapy has demonstrated limited efficacy in the treatment of colon cancer because of intrinsic or acquired drug resistance (Gorlick and Bertino, 1999) . Engagement of cell surface death receptors of the Tumor Necrosis Factor (TNF) receptor superfamily was proposed as an alternative strategy to trigger colon cancer cell death by inducing apoptosis (Baker and Reddy, 1998) . These type I transmembrane proteins share homology in their cytoplasmic 'death domain', a protein-protein interaction module that ensures downstream cell-death signaling (Baker and Reddy, 1998) . Their ligands include TNFa, Fas-ligand (Fas-L), TNFRelated Apoptosis-Inducing Ligand (TRAIL) and Tweak. Although TNFa and Fas-L can be efficient in killing some colon carcinoma cells in vitro, their lifethreatening toxicity when administered systematically currently precludes their clinical use (Chapman et al., 1987; Tanaka et al., 1997) . Cell-bound TRAIL or its soluble form was demonstrated to selectively induce apoptosis in some transformed epithelial cells (Wiley et al., 1995; Pitti et al., 1996) and TRAIL administration in SCID and nude mice was effective at reducing growth of colon carcinoma xenografts without any of the toxic effects shown with administration of Fas-L or TNFa (Ashkenazi et al., 1999; Walczak et al., 1999) . From these observations, TRAIL appears as a promising cytokine for the treatment of various carcinomas including colon cancers.
TRAIL transduces an apoptotic signal by binding to DR4 (TRAIL-R1) and DR5 (TRAIL-R2), which both contain a death domain in their cytoplasmic tail (Golstein, 1997) . The death signaling pathway involves the recruitment to the DR4 and DR5 death domain of the adaptor molecule Fas-associated death domain (FADD) in a death-inducing signaling complex (DISC) (Chaudhary et al., 1997; Schneider et al., 1997) . In turn, FADD recruits procaspase-8 and -10 in the DISC through homophilic interactions between death effector domains (DED) contained in the amino-terminus of FADD and the prodomain of procaspase-8 and -10 (Bodmer et al., 2000; Kischkel et al., 2001) . Two complementary pathways were shown to lead from caspase-8 activation in the DISC to apoptosis (Scaffidi et al., 1998) . The first one, in which caspase-8 directly activates downstream effector caspases, does not involve the mitochondria and escapes the resistance mediated by overexpression of Bcl-2 and related anti-apoptotic proteins. The second pathway involves the cleavage of Bid, a BH3-domain-only proapoptotic protein that belongs to the Bcl-2 family . The truncated Bid (tBid) induces mitochondrial changes, including the translocation of proapoptotic proteins such as cytochrome c, SMAC/DIABLO and apoptosisinducing factor (AIF) from the mitochondria to the cytosol where they activate the caspase cascade or to the nucleus where they trigger DNA fragmentation and chromatin condensation Kroemer and Reed, 2000; Deng et al., 2002) .
Other receptors to TRAIL have been identified, including DcR1 (TRAIL-R3) and DcR2 (TRAIL-R4) that have no cytoplasmic tail and a truncated form, respectively (Golstein, 1997) . These two receptors bind TRAIL with an affinity comparable to that of DR4 and DR5, but do not mediate apoptosis upon ligation and were proposed to act as decoy receptors whose expression determines whether a cell is resistant or sensitive to TRAIL (Sheridan et al., 1997) . The apoptotic response to TRAIL is also modulated by c-FLIP, a protein with a structure similar to that of procaspase-8 but lacking the catalytic site and competitively interacting with FADD and procaspase-8 at the DISC (Zhang et al., 1999) .
We and others have shown previously that subtoxic concentrations of chemotherapeutic drugs could restore the response to Fas-L and TRAIL in cancer cells that are not spontaneously sensitive to these cytokines (Micheau et al., 1997; Lacour et al., 2001 ). In addition, TRAIL was shown to cooperate synergistically with various chemotherapeutic drugs to induce cancer cell death in vitro and tumor regression in animal models (Ashkenazi et al., 1999) . Tumor cell sensitization to TRAIL was initially related to p53-dependent and -independent changes in death receptor expression (Sheikh et al., 1998; Gibson et al., 2000; Nagane et al., 2001 ). However, we have shown recently that cytotoxic drug-induced sensitization of colon carcinoma cells to TRAIL could occur in the absence of significant changes in the membrane expression of TRAIL receptors, either agonistic or decoy receptors (Lacour et al., 2001 ). The present study further explores the molecular mechanisms of cytotoxic drug-induced sensitization to TRAIL and identifies the death pathway activated by a cytotoxic drug/TRAIL combination in the HT-29 colon carcinoma cell line.
Results
Antitumor drugs selectively enhance HT-29 cell sensitivity to death receptor ligands
We first compared HT-29 colon carcinoma cell response to TNFa and three TNF-related death ligands including Fas-L, TRAIL and Tweak. We have shown previously that cytotoxic drugs could sensitize HT-29 cells to Fas agonists and TRAIL (Micheau et al., 1997; Lacour et al., 2001) . By testing a large range of cytokine concentrations, we show here that a 16-h exposure of HT-29 cells to Fas-L or TRAIL induces limited cytotoxicity, as determined by using a methylene blue assay, while these cells are completely resistant to TNFa and Tweakinduced cytotoxicity (Figure 1) . A 24-h pretreatment with nontoxic concentrations of several anticancer drugs including cytotoxic drugs cisplatin (CDDP) (5 mg/ml), doxorubin (DXR) (2.5 mg/ml) and 5-fluorouracil (5-FU) (100 mg/ml) increased HT-29 response to Fas-L and TRAIL, while it demonstrated little effect on HT-29 cell response to TNFa and Tweak (Figure 1 ). We then focused on the mechanisms of anticancer drug-induced sensitization to TRAIL.
Antitumor drugs synergize with TRAIL to trigger caspase-dependent apoptosis of HT-29 cells A pretreatment with anticancer drugs is not required for HT-29 cell sensitization to TRAIL. Indeed, a combination of either CDDP (5 mg/ml), DXR (2.5 mg/ml) or 5-FU (100 mg/ml) with TRAIL (200 ng/ml with 2 mg/ml Figure 1 Cytotoxic drugs specifically sensitize HT-29 cells to Fas-L-and TRAIL-induced cytotoxicity: HT-29 cells were either left untreated (open diamond), or exposed to 5 mg/ml CDDP (black squares), 2.5 mg/ml DXR (black triangles) or 100 mg/ml 5-FU (black circles) for 24 h, then treated with indicated concentrations of TRAIL, Fas-L, TNFa or TWEAK for 16 h. Viability was measured by using a methylene blue assay. Results are expressed as the percentage of viability compared to cells that were not exposed to the cytokine Chemotherapy enhanced TRAIL DISC assembly S Lacour et al anti-Flag M2 Ab) for 24 h induces apoptosis in 40-70% of cells, as determined by Hoechst 33342 staining of the nuclear chromatin, while all these agents induce less than 12% apoptosis when tested alone at the studied concentrations ( Figure 2a ). To determine whether apoptosis induced by the combination of chemotherapeutic agents and TRAIL was mediated by caspase activation, we performed Western blot experiments ( Figure 2b ). Activation of caspase-3, -8 and -9 was easily identified in HT-29 cells exposed to any of the cytotoxic drug/TRAIL combinations, as evidenced by the decreased expression of the proform and the appearence of cleavage products (Figure 2b ). The cytosolic BH3 domain-only protein Bid, which is a target for caspase-8, and the nuclear enzyme poly(ADPribose) polymerase, which was described as a caspase-3 target, were cleaved in HT-29 cells exposed to the cytotoxic agent/TRAIL combination. In contrast, none of these events could be identified in HT-29 cells exposed to TRAIL alone or a cytotoxic drug alone (Figure 2b ). Caspase activation in cells exposed to the cytotoxic drug/TRAIL combination was further supported by the ability of cell lysates to cleave DEVD-AMC, IETD-AFC and LEHD-AFC peptide substrates that mimic caspase-3, -8 and -9 target sites, respectively. In agreement with the immunoblotting results, cytotoxic drugs and TRAIL did not generate a peptide cleavage activity in HT-29 cells when tested alone (Figure 2c ).
Antitumor agents enhance TRAIL DISC formation
We have shown previously that the ability of cytotoxic drugs to sensitize colon carcinoma cells to TRAILmediated cell death could not be related to an increased expression of DR4 and DR5 receptors at the surface of tumor cells, nor to a decreased expression of TRAIL decoy receptors DcR1 and DcR2 (Lacour et al., 2001 ). This observation did not rule out the possibility that cytotoxic drugs could facilitate the formation of the DISC in response to TRAIL exposure. To check this hypothesis, we performed immunoprecipitation experiments in which HT-29 cells were treated or not with CDDP (5 mg/ml), DXR (2.5 mg/ml) or 5-FU (100 mg/ml) for 24 h. Then, cells were incubated with TRAIL for up to 30 min at 371C. In HT-29 cells that were not exposed to a cytotoxic drug, TRAIL recruits DR4 and DR5, the adaptator molecule FADD, procaspase-8 and the inhibitor FLIP (long and short isoforms) ( Figure 3a ) but does not recruit procaspase-3, used as a negative control (not shown). In contrast to what had been observed by flow cytometry method in nonpermeabilized cells (Lacour et al., 2001) , immunoprecipitation experiments suggested that pretreatment To determine whether cotreatment with TRAIL and the cytotoxic drug also facilitates the DISC assembly, we compared immunoprecipitation experiments in which HT-29 cells were pretreated with 5-FU (100 mg/ ml) for 24 h and incubated with TRAIL, and those in which HT-29 cells were cotreated with 5-FU and TRAIL up to 30 min. The enhanced DISC formation Figure 3 Influence of cytotoxic drugs on the formation of the DISC in response to TRAIL: (a) HT-29 cells were either left untreated (NT) or exposed to CDDP (5 mg/ml) or DXR (2.5 mg/ml) or 5-FU (100 mg/ml) for 24 h, then treated for indicated times with TRAIL (500 ng/ml with 2 mg/ml anti-Flag Ab). DISCs were immunoprecipitated with protein G and analysed for indicated proteins by immunoblotting. In unstimulated controls (0), TRAIL and M2 mAb were added after lysis to immunoprecipitate nonstimulated TRAIL receptors. Numbers are molecular weights in kDa. Asterisks (*) indicate cleaved peptides. One representative of three different experiments is shown. (b) Immunoblot analysis of DISC constituents. Numbers are molecular weights in kD. One representative of three independent experiments is shown. (c) HT-29 cells were either left untreated (NT), or exposed to 5-FU (100 mg/ml) for 24 h, then treated for indicated times with TRAIL (250 ng/ml with 2 mg/ml anti-Flag Ab) (pretreatment) or were simultaneously exposed to TRAIL with 5-FU for indicated times (cotreatment). DISCs were immunoprecipitated as described above, with the exception that TRAIL was not added to lysates of unstimulated cells (time point 0). One representative of three different experiments is shown Chemotherapy enhanced TRAIL DISC assembly S Lacour et al was observed in both situations, although it was less important under cotreatment (Figure 3c ).
Antitumor drugs synergize with TRAIL to activate the mitochondrial pathway to cell death
The truncation of Bid observed in HT-29 cells exposed to the cytotoxic drug/TRAIL combination suggested involvement of the mitochondria in cell death. To confirm the role of the mitochondria, we first analysed their transmembrane potential using a lipophilic cation probe (DePsipher or 5, 5 0 , 6, 6 0 -tetrachloro-1, 1 0 , 3, 3 0 -tetraethylbenzimidazolyl carbocyanine iodide). While neither TRAIL alone nor any of the three cytotoxic drugs tested alone were able to trigger the decrease in red fluorescence (FL-2) that indicates mitochondria membrane potential disturbance, a significant decrease was observed in HT-29 cells exposed to the cytotoxic drug/TRAIL combination and was prevented by addition of the permeant caspase-8 inhibitor z-IETD-fmk ( Figure 4a ). These changes in DC m were associated with the appearance of three proapoptotic proteins, namely cytochrome c, Smac/DIABLO and apoptosis-inducing factor (AIF), in the cytosol of HT-29 cells exposed to the cytotoxic drug/TRAIL combination (Figure 4b ). Cytochrome c relocalization from the mitochondria to the cytosol was further confirmed by confocal microscopy analysis of HT-29 cells treated by a CDDP/TRAIL combination for 24 h (Figure 4c ). In addition, HT-29 cells that express Bcl-2 through stable transfection were more resistant to apoptosis induced by the cytotoxic drug/TRAIL combination (Figure 4d ) or by drug pretreatment followed by TRAIL addition (data not shown) than HT-29 cells transfected with an empty vector. Expression of Bcl-2 in HT-29 cells that do not express the protein spontaneously also prevented the DEVD-AMC and LEHD-AFC cleavage activities in lysates of cells exposed to the cytotoxic drug/TRAIL combination, while it demonstrated little effect on IETD-AFC cleavage activity in this model (Figure 4e ), suggesting that caspase-8 activation was not influenced by Bcl-2.
Caspase-8 activation, Bid cleavage and mitochondrial transmembrane potential decrease are early events in apoptosis triggered by the cytotoxic drug/TRAIL combination We then studied the kinetics of the previously described molecular events that lead from TRAIL exposure to HT-29 cell death. In these experiments, HT-29 cells were exposed to the DXR/TRAIL combination. We observed that caspase-8 activation, Bid cleavage into its active form tBid, cytochrome c release (Figure 5a ) and the decrease in DC m (Figure 5b) could be detected about 6 h after the beginning of cell treatment. A faint band corresponding to active caspase-9 is also observed after 6 h of treatment. Caspase-3 and PARP cleavage were detected at a later time point (Figure 5a ).
Discussion
The discovery that ligands for endogenous cell surface receptors can induce cell death provided excitement regarding the potential interest of these ligands for selectively inducing apoptosis of cancer cells, particularly those that are otherwise resistant to chemotherapeutic drugs. In this setting, TRAIL proved unique in that its systemic administration does not induce the toxicity observed with Fas-L and TNFa in animal models including mice and nonhuman primates (Ashkenazi et al., 1999; Walczak et al., 1999) . In addition, TRAIL frequently induces apoptosis of malignant cells, both in vitro and in xenograft murine models, without causing the death of normal cells (Ashkenazi et al., 1999) . A series of recent reports has demonstrated that clinically relevant concentrations of various anticancer drugs could restore the apoptotic response to TRAIL in cancer cells that are not spontaneously sensitive to this cytokine (for review, see Nagane et al., 2001) , including colon cancer cell lines (Lacour et al., 2001) . All the chemotherapeutic drugs are not equal in sensitizing tumor cells to TRAIL-induced apoptosis, for example, DXR and 5-FU are potent sensitizers, while methotrexate can be inefficient (Keane et al., 1999) . The molecular mechanisms of this sensitization and the death pathways activated by the TRAIL/cytotoxic drug combinations remain a matter of controversy. We show here that, in HT-29 colon cancer cells, cytotoxic drugs enhance the recruitment of FADD and procaspase-8 to the DISC whose formation is induced by TRAIL. We also show that the TRAIL/cytotoxic drug combination activates a death signaling pathway that involves the mitochondria, thus remaining dependent on Bcl-2 protein level expression.
HT-29 human colon carcinoma cells are spontaneously resistant to the four tested TNF superfamily cytokines including Fas-L, TRAIL, TNFa and Tweak. We show that several commonly used anticancer drugs at clinically relevant concentrations specifically sensitize these cells to Fas-L-or TRAIL-induced cytotoxicity, but demonstrate little influence on TNFa and Tweakmediated apoptosis. We have previously reported that cytotoxic drug-induced sensitization of HT-29 cells to Fas-L was associated with an increased expression of Fas receptor at the cell surface (Micheau et al., 1997) . In contrast, anticancer drugs do not induce any significant change in the expression of TRAIL receptors at the surface of HT-29 cells (Lacour et al., 2001) . Cytotoxic drug-induced changes in TRAIL receptor expression through p53-dependent and -independent mechanisms have been identified in other cell types (Sheikh et al., 1998) . However, it was shown recently in glioma cell lines that such events may not account for the cytotoxic drug/TRAIL synergy (Rohn et al., 2001) .
Three years ago, Scaffidi et al. (1998) have reported two distinct Fas signal transduction pathways leading to apoptosis: mitochondria-dependent in type II cells and -independent in type I cells. Overexpression of Bcl-2 inhibited the mitochondria-dependent pathway, but not the mitochondria-independent pathway. It has been recently shown that the TRAIL receptor-and Fasmediated apoptosis share the same death signal pathway and involve both mitochondria-dependent and -independent pathways (Suliman et al., 2001) . Involvement of the mitochondrial pathway in response to the TRAIL/ cytotoxic drug combination has been assessed by caspase-8 activation, Bid cleavage and mitochondrial transmembrane potential decrease. All these events occurring 6 h after the beginning of HT-29 cell treatment, preceded the activation of downstream caspases such as caspase-3, and are inhibited by the permeant inhibitor z-IETD-fmk that targets mainly caspase-8. This latter caspase was recently demonstrated to be required for TRAIL-induced apoptosis (Bodmer et al., 2000; Seol et al., 2001) and to cleave Bid in response to TRAIL exposure (Yamada et al., 1999) . Only in type II cells, apoptosis can be blocked by overexpressed Bcl-2 or Bcl-X L . The consequences of Bcl-2 expression in HT-29 cells further argue for a mitochondria involvement in cell death triggered by the cytotoxic drug/TRAIL combination as well as by drug pretreatment followed by TRAIL addition. The bcl-2 gene was first identified in follicular lymphomas as a consequence of a t(14;18) chromosomal translocation (Bisiau et al., 1995) . Bcl-2 was also found to be overexpressed in various tumor types including colon cancers in the absence of gene rearrangements (Buglioni et al., 1999) . Bcl-2 is localized on the external mitochondrial membrane and prevents the release of proapoptotic molecules such as cytochrome c from the mitochondria to the cytosol (Gottlieb, 2001) . Since most chemotherapeutic drugs mediate apoptosis mainly by inducing mitochondrial dysfunction, Bcl-2 behaves as a potent multidrug resistance factor. We show here that Bcl-2 expression partially prevents caspase-9 and -3 activation induced in HT-29 cells by the combination of TRAIL with cytotoxic agents, while it has little effect on caspase-8 activity. These results are in accordance with previous observations made in several other human tumor cell lines (Munshi et al., 2001; Suliman et al., 2001; Sun et al., 2001; Fulda et al. 2002) and further indicate that the cytotoxic drug/TRAIL combination Importantly, we show here that the ability of subtoxic concentrations of chemotherapeutic drugs to overcome the resistance of human colon cancer cells to TRAILinduced apoptosis is related to an enhanced assembly of the TRAIL-induced DISC. A 24 h exposure of HT-29 cells to low concentrations of either CDDP or DXR or 5-FU increases the recruitment of FADD and procaspase-8 in the complex whose formation is provoked by interaction of TRAIL with either DR4 or DR5. The increased recruitment of procaspase-8, which occurs as soon as 2 min after TRAIL addition in HT-29 cells pretreated with an anticancer drug, may facilitate caspase-8 activation by autocatalytic processing (Martin et al., 1998) that is followed by cell death. The increased recruitment of procaspase-8 is not related to a druginduced upregulation of procaspase-8 or downregulation of procaspase-10. Such an increased recruitment of procaspase-8 is also observed in HT-29 cells simultaneously cotreated with 5-FU and TRAIL, although the expression of DR4 and DR5 was not increased in these experimental conditions.
The mechanism by which the DISC formation is facilitated by cytotoxic drugs remains poorly understood. While we initially failed to detect an increased expression of DR4 and DR5 at the surface of tumor cells exposed to cytotoxic drugs (Lacour et al., 2001) , we show here that these agents increase the intracellular amount of both receptors, as detected by immunoprecipitation, which may contribute to facilitate the DISC formation. Another important determinant of the response to TRAIL in colon carcinoma cells is c-FLIP (Burns and El-Deiry, 2001 ). The long isoform of c-FLIP are observed to be recruited to the DISC in response to TRAIL receptor engagement in HT-29 cells. A decreased recruitment of c-FLIP was identified in cells exposed to 5-FU, as recently reported in cancer cells exposed to ligands of peroxysome proliferatoractivated-gamma (Kim et al., 2002) , while it was not detected in those exposed to either CDDP or DXR. This observation indicates that c-FLIP recruitment to the DISC is not the sole determinant of HT-29 cell sensitization to TRAIL by cytotoxic drugs and that distinct mechanisms exist. One of these mechanisms could be the facilitation of TRAIL receptor aggregation by anticancer drugs, as demonstrated previously for Fas receptor (Micheau et al., 1999b) . Such an aggregation, in which plasma membrane microdomains could play a role (Ikonen, 2001; Hueber et al., 2002) , may account for the enhanced TRAIL DISC assembly observed in HT29 cells after a 24-h drug pretreatment as well as after a TRAIL/cytotoxic drug cotreatment. Additional events that were associated with cytotoxic drug-mediated sensitization to TRAIL include the suppression of NF-kB induction (Yamanaka et al., 2000; Micheau et al., 2001) , the downregulation of glutathione S-transferase-p (Mizutani et al., 1999) and the transcriptional upregulation of FADD and some procaspases (Droin et al., 1998; Micheau et al., 1999a) . Present understanding of TRAIL signaling pathways appears incomplete, suggesting that so far unidentified molecular actors of these pathways could also account for our observations.
In conclusion, our study demonstrates that several anticancer drugs sensitize HT-29 colon cancer cells to TRAIL-induced apoptosis by facilitating the formation of the DISC and the activation of caspase-8. This enzyme then cleaves the proapoptotic Bid and recruits the mitochondrial amplifier to activate a downstream caspase cascade that leads to the cell dismantle. The synergy between anticancer drugs and TRAIL may help to overcome most resistance mechanisms to chemotherapeutic agents. However, the efficacy of this combination in colon cancer treatment still depends on Bcl-2-related family members, which could impair its cytotoxic efficacy.
Materials and methods

Cell lines and apoptotic assays
The HT-29 human colon carcinoma cell line was obtained from ATCC (Rockville, MD, USA) and cultured in Eagle's minimum essential medium (EMEM) (Biowhittaker Co., Fontenay sous Bois, France) complemented with 10% fetal calf serum (GibcoBRL, Life Technologies, Cergy Pontoise, France) and 2 mm l-glutamine (Biowhittaker Co.). Stable transfection of HT-29 cells with psFF-Bcl-2 containing fulllength human Bcl-2 cDNA (kindly provided by Dr J Bre´ard INSERM 461, France) or the empty vector was obtained by the use of lipofectamine Plus reagent (GibcoBRL). Single clones were picked 2-3 weeks after transfection and selected in a medium containing 1 mg/ml geneticin (Sigma-Aldrich, St Quentin Fallavier, France). For apoptotic assays, cells (7 Â 10 5 ) were seeded in 6-well flat-bottomed plates for 24 h before treatment. Apoptosis was identified by staining nuclear chromatin with 1 mg/ml Hoechst 33342 for 15 min at 371C, then identifying morphological changes by fluorescence microscopy. Cell viability was assessed by methylene blue as described (Micheau et al., 1997) . When used, the caspase inhibitor z-IETD-fmk was incubated for 1 h prior to the addition of cytotoxic drugs and/or TRAIL.
Chemicals and antibodies
The Cytotoxic drugs cisplatin (CDDP), doxorubicin (DXR) and 5-fluorouracil (5-FU) were obtained from Roger Bellon Chemical Co. (Neuilly, France), Sigma-Aldrich and Dakota pharm (Gentilly, France), respectively. The caspase inhibitor z-IETD-fmk was from Calbiochem (San Diego, CA, USA) and the recombinant human soluble Flag-tagged TRAIL, Fasligand, TWEAK and TNFa from Alexis Biochemicals (Coger, Paris, France) (www.alexis-corp.com). Mouse anti-human procaspase-8 antibodies (Abs) were either obtained from Immunotech (Coulter, Marseille, France) or MBL (France Biochem, Meudon, France), anti-human procaspase-10 from MBL, anti-HSC70 from Santa Cruz (Tebu, Le Perray en Yvelines, France), anti-Flag (M2) from Sigma-Aldrich, antiprocaspase-3 from Santa Cruz and anti-FADD from Transduction Laboratories (Interchim, Montluc¸on, France). AntiBid Abs were obtained from R&D Systems (Abington, UK) and kindly provided by Dr X Wang (Howard Hughes Medical Institute, Dallas, TX, USA). The rabbit polyclonal anticaspase-9 Ab was from MBL, anti-TRAIL-R1 (antibody DR4CT) and anti-TRAIL-R2 (antibody DR5ID) from Alexis Biochemicals. The rat anti-human FLIP was purchased from Alexis Biochemicals. All other chemicals were of reagent grade and purchased from local sources.
Analysis of mitochondrial membrane potential
Mitochondrial transmembrane potential (DC m ) was studied by using the DePsipher kit (R&D Systems). Briefly, 10 6 cells were incubated for 20 min at 371C in the presence of 5 mg/ml DePsipher solution before washing in PBS. Cells treated for 30 min with 100 mm of the uncoupling agent carbonyl cyanide m-chlorophenylhydrazone (Sigma-Aldrich) were used as a positive control. Analysis was performed by using a FACscan flow cytometer (Becton-Dickinson, Le Pont de Claix, France). DePsipher probe aggregates upon membrane polarization and forms a red fluorescent derivative. Mitochondrial potential disturbance prevents the dye to access the membrane space. Thus, a decrease in red fluorescence (FL-2) reflects a decrease in DC m .
Cell fractionation
Mitochondrial and cytosolic fraction for cytochrome c, AIF and SMAC release studies were prepared by resuspending the cells in ice-cold buffer A (250 mm sucrose, 20 mm HEPES, 10 mm KCl, 1.5 mm MgCl 2 , 1 mm EGTA, 1 mm EDTA, 1 mm DTT, complete protease inhibitor cocktail (Roche Biochemicals, Meylan, France)) before passing them through an icecold cylinder cell homogenizer. Unlysed cells and nuclei were pelleted via 10 min, 750 g spin. The supernatant was spun at 10 000 g for 25 min. The pellet was resuspended in buffer A and represents the mitochondrial fraction. The supernatant was spun at 10 000 g for 1 h. The final supernatant represents the cytosolic fraction.
Western blot analysis
Cells were incubated for 10 min at 41C in lysis buffer (1% SDS, 10 mm Tris-HCL pH 7.4), then boiled for 5 min. Proteins (50 mg) were separated on a polyacrylamide sodium dodecylsulfate (SDS)-containing gel and transferred to a polyvinylidene difluoride membrane (PVDF) (Biorad, Ivry sur Seine, France). After blocking nonspecific binding sites overnight at 41C by 8% nonfat milk in TPBS (PBS with 0.1% Tween 20), membranes were incubated for 2 h at room temperature with specific Abs. Then, membranes were washed twice with TPBS, incubated for 1 h at room temperature with horseradish peroxidase-conjugated goat anti-mouse, anti-rat or anti-rabbit Abs (Jackson ImmunoResearch Laboratories, Beckman Coulter, Villepinte, France), washed twice with TPBS before revelation using an enhanced chemiluminescence detection kit (Amersham, Orsay, France).
Measurement of caspase activities
Cell lysates (50 mg) obtained in RIPA buffer (150 mm NaCl, 50 mm Tris-HCl pH 8.0, 0.1% SDS, 1% Nonidet P40, 0.5% sodium deoxycholate, 1 mm paramethylsulfonide, 1 mm benzamidine] were incubated for 30 min at 371C in a caspase assay buffer (100 mm HEPES, pH 7.0, 10% glycerol, 1 mm EDTA, 0.1% CHAPS, 1 mm dithiothreitol) containing 20 mm of either IETD-AFC, LEHD-AFC or DEVD-AMC (Calbiochem).
Caspase activities were measured by monitoring fluorescence continuously in a dual luminescence fluorimeter (LS 50B Perkin-Elmer, France) using specific excitation and emission wavelength for each peptide. Enzyme activities were determined as initial velocities and expressed as relative intensity/ min/mg compared to the control.
Confocal laser scanning microscopy analysis of cytochrome c release HT-29 cells were seeded in Lab-Tek chamber slide (Nunc S/A, Polylabo, Strasbourg, France), exposed to treatment, then fixed in 2% paraformaldehyde (Sigma) for 10 min, washed twice with PBS and permeabilized with PBS/0.5% BSA/0.1% saponin (PBS/BSA/saponin) for 10 min. Cells were incubated with a primary Abs diluted 1/100 in PBS/BSA/saponin for 2 h, washed twice in PBS, then incubated for 45 min with a Texas Red-conjugated secondary anti-mouse Ab (Jackson ImmunoResearch Laboratories) diluted 1/50 in PBS/BSA/saponin. Fluorescent labeling was analysed using a confocal laser scanning microscope (Leica, Centre de Microscopie Applique´e a`la Biologie, Dijon).
DISC analysis
HT-29 cells pretreated by anticancer drugs were resuspended in 2 ml complete RPMI medium (5 Â 10 7 cells/ml) at 371C, then stimulated for an indicated time with 500 ng/ml TRAIL and 2 mg/ml anti-Flag (M2) Ab in a final volume of 2 ml. Cotreatment with 100 mg/ml 5-FU (100 mg/ml) and TRAIL were performed in a final volume of 2 ml containing 2 mg/ml anti-Flag (M2) Ab at 371C. In some experiments (Figure 3a) , 500 ng TRAIL and 2 mg M2 were added after lysis of unstimulated controls to immunoprecipitate total (membrane-bound and intracytoplasmic) nonstimulated TRAIL receptors. In other experiments (Figure 3c ), M2 Ab was added without TRAIL after lysis of unstimulated controls to determine unspecific binding to protein G beads. The reaction was stopped by adding 10 ml of ice-cold PBS. The cells were immediately collected (400 g, 5 min, 41C), washed with 1 ml icecold PBS and lysed in 1 ml lysis buffer (20 mm Tris-HCl, pH 7.4, 150 mm NaCl, 0.2% Nonidet P40, 10% glycerol and complete protease inhibitor cocktail (Roche Biochemicals, Meylan, France)) for 15 min on ice. The lysate was cleared twice by centrifugation at 16 000 g for 10 min at 41C. The soluble fraction was precleared with 20 ml Sepharose-6B (Sigma-Aldrich) for 2 h at 41C and immunoprecipitated with 20 ml protein-G-Sepharose CL-4B (Amersham) at 41C. Beads were recovered by centrifugation and washed four times with 500 ml lysis buffer. Sample buffer was added, beads were boiled for 5 min and samples were analysed by SDS-PAGE and western blotting.
